. A passive infinite impulse response filter structure is proposed for the implementation of the p-OAPF.
I. INTRODUCTION
TTENUATION, nonlinear effect and dispersion in the optical fibers are the key challenges that need to be overcome to achieve higher transmission speed in optical fiber communication systems [1] . Attenuation is no longer a main problem due to the invention of the erbium-doped fiber amplifier (EDFA) [2] . Nonlinear effects such as four wave mixing (FWM) can also be reduced by introducing some dispersion [3, 4] . Dispersion remains the key factor affecting the signal quality in long-haul optical fiber communication systems. In the current long-haul optical communication system, single mode fibers (SMFs), ITU-T G.652, are commonly used. The advantage of the SMFs is having zero dispersion at the operating wavelengths of 1.31 µm [1] . When the wavelength division multiplexing (WDM) system was introduced to increase fiber bandwidth, the operating wavelength moved to 1.55 µm due to the low attenuation region of the SMF [3] and the operating wavelength window of EDFA [2] . However at the wavelength of 1.55 µm, the SMFs have dispersion of 17 ps/nm-km. This dispersion consists of chromatic dispersion (CD), polarization-mode dispersion (PMD) and third order dispersion (TOD) [5] . This paper will concentrate on solving the main dispersion degradation effects which is caused by the CD. The CD results in pulse spreading and hence introduces ISI [6] , which in turn increases the bit error rate (BER).
The length of SMFs in high bit rate long-haul optical communication systems is limited by the bit rate and CD [6] . Doubling the bit rate (B) will reduce the optical fiber's length (L) by a factor of 4 for a fixed dispersion coefficient (D). In a communication system operating at a wavelength of 1.55 µm (where D is 17 ps/nm-km), the level of dispersion determines the maximum repeater-less span of fiber which is over 20 times less than the system which operating at the wavelength of 1.31 µm (where D ~ 1 ps/nm-km) [6] . In order to investigate the effect of dispersion in a SMF, the SMF is modeled as a band pass filter with a flat amplitude response and linear group delay in the data bandwidth with an attenuation factor, α. The transfer function of the SMF, H f (f), can be modeled using the low pass equivalent model as shown in (1) [7] ( ) where α is the SMF attenuation (0.2 dB/km), 0 is the operating wavelength, c is the velocity of light and f is the optical frequency. Figure 1 shows the block diagram of the 10 Gb/s optical communication system under test which includes the transmitter with non return to zero (NRZ) Gaussian pulses, conventional SMF (with dispersion of 17 ps/nm-km), EDFA, optical bandpass filter, the proposed dispersion equalizer and receiver. This paper will present the design and the characteristics of the proposed dispersion equalizer.
When the length of the SMF (L) reaches 63 km, the CD effect has broadened the pulse to a stage where BER is high, i.e. the eye pattern is totally closed. This scenario is shown in Fig. 2 where the normalized received pulse is dispersed and affects the next time slot, i.e. ISI. Therefore, in order to realize high bit rate transmission over long distances using SMF, CD compensation techniques must be used to overcome the signal distortion. During the 1990s several dispersion compensation schemes operating in the optical domain were developed. These schemes can be classified into four categories: fibers, interferometers, phase conjugation and dispersion-equalizing filters [5, 8] .
This paper is organized as follows. In section II, the brief reviews of various dispersion compensation techniques are presented. Section III introduces the design of optical all pass filter, (OAPF) and a modified structure, the parallel OAPF (p-OAPF) to compensate the dispersion in SMF. The simulation results are discussed in section IV, while section V explores the future work and summarize main finding of the paper.
II. DISPERSION COMPENSATION TECHNIQUES Pulses propagating in optical fiber communication systems, which operate primarily at wavelengths near 1.55 µm, will experience significant amounts of group velocity dispersion (GVD), which limits propagation distance. Basically, GVD in SMF is equivalent to CD. This GVD or CD problem can be overcome by inserting an element that imposes the opposite GVD effect on the optical signal, thereby compensating for the naturally occurring GVD. There are many methods used for dispersion compensation in optical domain: the first category uses fiber i.e. dispersion shifted fiber (DSF), dispersion compensating fiber (DCF) and fiber Bragg grating (FBG). The second category is interferometer, i.e. MachZehnder interferometer (MZI). Third is the phase conjugation method i.e. optical phase conjugation (OPC). The final category uses dispersion-equalizing filters such as OAPF.
The DSF has its zero dispersion point shifted to the wavelength of 1.55 µm. However, FWM occurs in the DSF and causes the optical equivalent of near end crosstalk between the optical channels [3] . The DCF is a fiber designed with negative dispersion, to compensate for positive dispersion over large SMF lengths. DCF typically has a much narrower core than SMF, resulting in higher attenuation [3] . Chirped FBG can compensate the CD in a SMF by varying the grating to delay the faster wavelengths in relation to the slower wavelengths of an optical pulse, and when they recombined, the original pulse is restored. The chirped FBG is limited by its narrow bandwidth and ripple in the opposite GVD [9] .
MZI has been proposed for the compensation of CD by providing two wavelength dependent paths of different lengths for different spectral components of the signal. The main limitations of the MZI are its relatively narrow bandwidth and sensitivity to input polarization [2] .
OPC is employed for CD compensation by inverting the spectrum in the middle of the SMF link, thus compensating the overall GVD. The OPC cannot compensate for the TOD and it is difficult to be implemented practically [2, 10] . This paper proposes the use of the optical all pass filter, which is the final category of dispersion compensation technique, as an equalizer to provide CD compensation and the next section will discuss the technique in detail.
III. OPTICAL ALL PASS FILTER TECHNIQUES
The all pass filter (APF) is known as a phase equalizer as the phase of a signal can be adjusted by an APF without introducing amplitude distortion [11] . The design of an optical all pass filter (OAPF) is based on the APF. The phase response of an OAPF can be designed to cancel the phase shift of the SMF, which will result in dispersion cancellation. OAPF is potentially a very important device in optical transmission systems since they can compensate for any level dispersion in very small structures with very low loss [1] . OAPFs are linear systems, which have a unity magnitude response for all frequencies. The phase response of OAPFs varies with frequency. [1] . The transfer function of an OAPF can be written as [12] [
From (2), the phase of the OAPF ( ( ) ) can be made arbitrarily close to any desired phase response. By changing the coefficients of the function of an OAPF it is possible to create a group delay with the desired characteristics. These characteristics should be designed such that when the OAPF is placed in cascade with the SMF, the overall resulting GVD should be zero throughout the frequencies of interest. The desired characteristics effectively mean that the OAPF should delay lower frequency components of a pulse by a large amount, with the delay decreasing as frequency increases, thus introducing the inverse effect to that of the fiber. The second order OAPF transfer function [12] can be written in the rectangular form [13] as ( (4) Having the optimized parameters for r, 0 and T, is the key to the use of an OAPF for CD compensation. The minimum mean square error (MMSE) method, due to its simplicity, is used to optimize these parameters by comparing the phase of OAPF with the phase of an ideal equalizer [14] with the inverse transfer function of the SMF.
In Fig. 3 , the phase of the SMF looks parabolic and at frequency periods of 2π the phase gets shorter as f moves away from the centre frequency (193.5 THz), due to the f 2 term in (1). In the region of interest (193.5 THz ± 10 GHz) the phase of the Gaussian pulse is always in-phase with the phase of the SMF as shown in Fig. 3 . Therefore the phase of the SMF at 63 km will be used to design the OAPF and hence the p-OAPF.
The proposed p-OAPF technique utilizes two OAPF equalizers to compensate for the effect of CD in for the upper frequency and for the lower frequency band. A single OAPF cannot fully compensate for the phase change in the upper spectral region which leads to the trailing edge of the pulse spreading into the following bit slot [14] . The optical power output from the end of the SMF is equally split into two paths feeding into OAPF equalizers Eq1 and Eq2, respectively. The output signals from Eq1 and Eq2 will be detected and passed to a multiplier as illustrated in Fig. 4 .
The transfer function of p-OAPF can be written as (5) where n f is the normalization factor and τ d is the time delay between the linear time delay of Eq1 (τ eq1 ) and Eq2 (τ eq2 ), i.e. . n f is chosen to ensure the magnitude response of (5) is normalized to unity hence avoiding amplitude fluctuation and system instability. The value of n f can be deduced as the peak of the compensated pulse in (6), where t max is the time at the peak of the function, calculated from (7). From (6), n f is related to the parameters of the OAPF, T, r and 0 . T is fixed due to its minor effect and for ease of implementation, whilst, r and 0 change proportional and inversely proportional, respectively, with respect to the length of the SMF. Therefore n f is also inversely proportional to fiber length, see (5) and (6).
where S in ( ) is the input signal of the system. IV. RESULT AND DISCUSSION This section will present the performance improvement between an uncompensated system and a system utilizing p-OAPF. BER is used to show the performance of digital optical communication systems which can be calculated by using data from eye pattern of systems and (8) [5, 15, 16] . 
where I 1min is the minimum amplitude of bit one; I 0max is the maximum amplitude of bit zero;
1 is the standard deviation of noise when bit one was sent; 0 is the standard deviation of noise when bit zero was sent. The input to the system is a stream of data pattern of 7 bit long, where the worst case scenario will be considered, i.e. the fourth bit with the data pattern of "0001000" and "1110111". The simulated results of an uncompensated and a compensated pulse by using p-OAPF equalizer where SMF length is 63 km (when the eye diagram is totally closed) are shown in Fig. 5 while the compensated phase is shown in Fig. 6 . The eye pattern of the compensated system at 63 km is shown in Fig. 7 and the resultant BER is error free, i.e. BER < 10 . In order to further investigate the capability of the p-OAPF in extending the repeater-less distance, it was found that at 104 km, the p-OAPF is not longer capable of compensating the dispersed Gaussian pulse to error free. The compensated pulse and the eye pattern are shown in Fig. 8  and 9 respectively. Figure 10 shows the uncompensated and compensated phase of the Gaussian pulse. The phase response within the frequency of interest (193.41 ± 0.01 THz) becomes steeper as the dispersion and length increases resulting in difficulty of further equalization (see Fig. 3 and Fig. 10 ). Without any equalization, the error free distance is 34 km and the result shows an increase of 3 times in the repeaterless distance employing the p-OAPF equalizer.
V. FUTURE WORK AND CONCLUSION One technique of interest for OAPF implementation is using the infinite impulse response (IIR) digital filter structure. The IIR OAPF structure can be derived from (3), resulting in ( ) ( ) 
